compared to those from chronic pancreatitis, whereby intratumoral CXCL10 concentration was an independent predictor of poor survival. Immunohistochemical analysis revealed a subset of CXCR3-positive cancer cells in over 90 % of PC specimens, as well as on a subset of cultured PC cell lines and PPCE, whereby exposure to CXCL10 induced resistance to the chemotherapeutic gemcitabine. These findings suggest that IFNγ has multiple effects on many cell types within the PC microenvironment that may lead to immune evasion, chemoresistance and shortened survival.
Introduction
With mortality rates largely unchanged over the past 50 years, pancreatic cancer (PC) is projected to be the second leading cause of cancer deaths by 2030 [1] . Current cytotoxic regimens offer minimal gains in long-term survival [2] . As a promising alternative, therapies designed to induce antitumor immune responses have achieved durable cures in preclinical models of PC [3, 4] . However, as observed with systemic cytotoxic therapies, immunotherapeutic resistance dominates the landscape of the human disease [5, 6] . While mechanisms of resistance remain unclear, it is becoming increasingly evident that the pattern of local inflammation present within pancreatic tumors is one of the tolerances [7, 8] . This local tolerance serves as a major barrier to immunotherapeutic success. Efforts to further understand tolerogenic signaling within the human PC microenvironment may therefore lead to more effective immunotherapeutic approaches.
PC is an epithelial cancer with stromal elements accounting for up to 90 % of the pancreatic adenocarcinomas by mass [9] . Early infiltration of regulatory myeloid subsets into this microenvironment has been proposed as the chief mechanism behind the induction of tolerance in murine models of PC, although the mechanism of their recruitment/induction is unclear [10] [11] [12] . The physiologic function of both epithelial and stromal cells suggests a potential role in mediation of the recruitment/induction. The natural environment of the epithelial cell is one of the controlled inflammations to maintain a homeostatic balance at the interface between sterile tissue and external insult. On the other hand, the tumor-associated stroma (TAS)-induced desmoplasia (the largest component being of fibroblastic origin) accompanying PC demonstrates a striking phenotypic resemblance to the remodeling phase of a chronic wound, in which the destructive potential of adaptive immune activation is limited to promote healing [7, 13] . Thus, both PC cells and TAS may therefore significantly contribute to the tolerogenic landscape of the PC microenvironment.
While a critical role for IFNγ in cancer control has been defined [14] , IFNγ within the cancer microenvironment is also capable of inducing the upregulation of immune checkpoint ligands on tumor cells promoting immune evasion [15] . The degree and characteristics of the IFNγ response remain heterogeneous across types of cancers, cell types of the microenvironment and patient populations of a given cancer [16] . As a result, efforts must be made to understand this heterogeneity in order to properly harness the immune system and develop rational approaches to overcome current therapeutic limitations. Thus, here we examine IFNγ responses of human PC cell lines, primary PC epithelial (PPCE) cells and TAS outgrowths composed of cells of fibroblastic origin. Data presented here demonstrate roles for both PC cells and TAS in local tolerogenic signaling as well as uncover a novel, immune-mediated chemoresistant phenotype of PC cells.
Methods

Pancreatic cancer (PC) cell lines
Human cell lines PANC-1 and HPDE were obtained from American Type Culture Collection (ATCC, Rockville, MD) or as a generous gift from Mokenge Malafa (Moffitt Cancer Center, Tampa, FL), respectively. L3.6pl metastatic variant was derived as previously described [17, 18] . The selection of L3.6pl
GemRes gemcitabine-resistant pancreatic cancer cells was conducted as previously described [19] . All human PC cell lines were authenticated within 6 months by short tandem repeat (STR) analysis. All cells were maintained and stimulated in high-nutrition media [Dulbecco's modified Eagle's medium/F12 (DMEM/F12) Advanced (Life Technologies, Carlsbad, CA), 10 % fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA), 4 mM GlutaMAX™ (Life Technologies), 20 ng/mL human epidermal growth factor (Life Technologies), 40 ng/mL dexamethasone (Sigma-Aldrich, St. Louis, MO) and antibiotic antimycotic solution (Sigma)] in 5 % CO 2 /95 % air at 37 °C. The creation of L3.6pl CXCL10 CXCL10-constitutively expressing cells were created by transfection with pCMV6.puromycin vector (Origene, Rockville, MD) containing human CXCL10 cDNA and grown in selective medium containing puromycin (10 μg/mL). Isolated clones were expanded, and CXCL10 secretion was confirmed by ELISA (BD Biosciences, Franklin Lakes, NJ).
Isolation of primary pancreatic cancer epithelial cells (PPCE) and tumor-associated stroma (TAS)
Patient-derived PPCE were isolated from patient-derived xenografts [20] . Epithelial cell purity was confirmed by expression of HLA-ABC and cytokeratins 18 and 19 (Biolegend, San Diego, CA) by flow cytometry and immunofluorescent microscopy. Patient-derived TAS outgrowths were generated from direct culture of gross human pancreatic adenocarcinoma surgical specimens as previously validated [21] . Cell purity was confirmed by high expression levels of α-smooth muscle actin (R&D Systems, Minneapolis, MN) by flow cytometry and immunocytochemistry.
Surgical patient cohort
A review of an institutional review board-approved, prospectively maintained pancreatic cancer database at the University of Florida (UF) was performed. Informed consent was obtained from all patients. Fresh tissue lysates from resected tissue were isolated from patients who underwent surgery for chronic pancreatitis (n = 5) and PC (n = 28). Immediately adjacent tissues were preserved in formalin for histologic verification of pathology. Additionally, serum was isolated from the peripheral blood of either healthy controls or patients with PC.
Immunohistochemistry and immunofluorescence
Immunocytochemistry was performed after a brief 4 % paraformaldehyde fixation period on PC cells in culture. Anti-HLA-DR/DP/DQ (Biolegend, San Diego, CA) conjugated to Alexa Fluor ® (AF) 647 and 4′,6-diamidino-2-phenylindole (DAPI) were used for staining. Sample processing and immunohistochemical (IHC) staining were performed by the University of Florida's Molecular Pathology Core Facility. Briefly, patient tumors were formalin-fixed and paraffin-embedded. Five-micrometer sections were stained with anti-CXCR3 (R&D Systems) following antigen retrieval with citrate buffer pH 6.0 for tissue IHC analysis. Histologic slides of pancreatic specimens were reviewed by a pathologist specializing in pancreatic cancer (DHG). Immunofluorescence was performed on cells fixed for 10 min using paraformaldehyde followed by a 1-h wash with 0.1 % Triton X-100 in PBS with 3 % bovine serum albumin. Cells were then incubated overnight at 4 °C with anti-CXCR3. A goat antimouse secondary antibody conjugated to AF 647 was then applied with DAPI stains (Life Technologies, Carlsbad, CA). Fluorescent images were captured using an EVOS ® FL imaging system (Life Technologies).
IFNγ cell stimulations
1 × 10 5 of HPDE, PANC1, L3.6pl, PPCE and TAS were plated in 24-well culture dishes, allowed to adhere overnight and stimulated with 20 ng/ml of IFNγ (R&D Systems) for 48 h. IFNγ dosing was selected based on previous investigations evaluating T cell secretory responses following anti-CD3 stimulation [22] [23] [24] as well as our own data demonstrating approximately 20 ng/mL of IFNγ secreted by peripheral blood mononuclear cells in response to anti-CD3/CD28 stimulation at 24 h (Supplemental Fig. S1e ). Supernatants were harvested and stored at −80 °C until soluble mediator analysis could be performed, and the cells were subjected to flow cytometric analysis.
Enzyme-linked Immunoassay (ELISA)
Resected pancreatic tissue, cell culture supernatants or serum was probed for CXCL10 expression using an ELISA and a standard curve according to the manufacturer's protocol (BD Biosciences, Franklin Lakes, NJ). Resected pancreatic tissue was placed in cell lysis buffer (Cell Signaling Technologies, Danvers, MA) with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Tissues were mechanically dissociated and homogenized using the FastPrep-24 system according to the manufacturer's protocol (MP Biomedicals, Santa Ana, CA). For tissue homogenates, all cytokine concentrations were normalized to total protein concentrations using detergent-compatible protein quantification (Bio-Rad, Hercules, CA). Soluble mediator concentrations were then converted to pg/mg of tissue as follows: pg/ml divided by mg/ml of total protein.
Flow cytometry
Cells were dissociated from 24-well culture dishes using Accutase ® cell detachment solution (Sigma), washed in dPBS containing 5 % FBS, 5 mM Ethylenediaminetetraacetic acid (EDTA) and 0.1 % sodium azide (Sigma) and probed for HLA-ABC, HLA-DR/DP/DQ, CD80, CD86, PDL1 and/or CXCR3 using the following antibodies: Pacific Blue™-conjugated HLA-ABC (Biolegend) Brilliant™ Blue 515-conjugated HLA-DR/DP/DQ, phycoerythrin (PE)-conjugated CD86, allophycocyanin-conjugated PDL1, PE/Cy7-conjugated CD80 or PE/Cy7-conjugated CXCR3 (Biolegend). All antibodies were purchased from BD Biosciences unless otherwise indicated and used at manufacturer's recommended dilutions. Manufacturer's recommended isotype controls were used as negative controls for all antibodies used. A total of 10,000 events per sample were acquired using a BD LSR II (BD Biosciences), and data were analyzed using FlowJo data analysis software (FLOWJO LLC, Ashland, OR).
Chemoresistance assay
1 × 10 5 of PANC1, L3.6pl, L3.6pl GemRes or L3.6pl CXCL10 cells were plated in 24-well culture dishes and allowed to adhere overnight. After which gemcitabine (Eli Lilly, Indianapolis, IN) suspended in Dulbecco's PBS (D-PBS) was added at concentrations for the lethal dose (LD 50 ) previously published (L3.6pl:100 nM, PANC-1; 5 μM) [25, 26] , in the presence and/or absence of 100 nM CXCL10 (R&D Systems (Minneapolis, MN)), 1ug/ml of anti-CXCR3 (R&D Systems) and/or 1ug/ml of anti-CXCL10 (R&D Systems) for 72 h. Cellular viability was quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT) (Trevigen, Gaithersburg, MD) according to the manufacturer's protocol.
T cell stimulation
1 × 10 6 human peripheral blood mononuclear cells from a healthy donor were stimulated with anti-CD3/CD28 beads (Life Technologies). Supernatants were collected at 24 and 48 h post-stimulation. Secreted IFNγ was measured by ELISA (BD Biosciences).
Statistical analysis
All continuous variables were assessed for normality using the Shapiro-Wilk test. Normally distributed variables were compared using independent samples t tests. All other continuous variables were compared using the Mann-Whitney U test. Survival analysis was performed using SPSS version 22.0 (IBM SPSS Statistics for Windows; IBM Corp). Patients were dichotomized at median intratumoral CXCL10 concentration, and Kaplan-Meier survival curves were employed to analyze overall survival. The log-rank test was used to evaluate significance (P < 0.05). A univariate Cox proportional hazards model further examined the effect of stage, grade, margin, tumor size and intratumoral CXCL10 on overall survival.
Results
IFNγ upregulates antigen presentation machinery in the context of negative co-stimulation
To investigate the effect of IFNγ on innate immune function of the PC microenvironment, PC cell lines, primary PC epithelial (PPCE) cells and TAS cultures were assessed for changes in expression of antigen presentation machinery and co-stimulatory molecules following IFNγ exposure. Following 48 h of exposure, each cell type demonstrated a two-to fivefold increase in class I HLA expression (Fig. 1a,  e) . In addition, IFNγ stimulated HLA class II expression on all cell types except for the PC cell line PANC-1 (Fig. 1b,  e) . Interestingly, three of the four PPCE lines contained a proportion of unstimulated cells expressing class II HLA (Fig. 1c, S1 ). Importantly, none of the cell types evaluated expressed the positive co-stimulatory ligands CD80 or CD86, regardless of IFNγ stimulation (Fig. 1e) . Conversely, 48 h of IFNγ exposure did induce a two-to tenfold increase in PDL1 expression on PC cell lines, PPCE and TAS (Fig. 1d, e) .Taken together, these data demonstrate that IFNγ within the tumor microenvironment upregulates antigen presentation machinery in the context of negative co-stimulation on both tumor and stromal cells, potentially resulting in immune evasion.
Local CXCL10 secretion is associated with poor long-term outcomes in PC
CXCL10 is an IFNγ inducible protein which was expressed at high levels by PC cell lines, PPCE and TAS upon IFNγ exposure (Fig. 2a) . In addition, local pancreatic CXCL10 expression was significantly elevated in malignancy when compared to chronic pancreatitis (CP) (208 vs. 64 pg/mg; P = .013) (Fig. 2b) . This diagnostic relationship between CXCL10 and PC appeared to be a local phenomenon, as serum CXCL10 levels were not significantly different between healthy controls and patients with either resectable or metastatic PC (Fig. 2c) . In the cohort of patients with surgically resected PC, patients with high intratumoral CXCL10 levels demonstrated significantly reduced overall survival (OS) on Kaplan-Meier analysis (median OS 7.1 vs. 14.9 months; P = .022) (Fig. 2d) . This trend was further validated using a proportional hazards model, which revealed a significant correlation between intratumoral CXCL10 concentration and reduced overall survival (hazard ratio 82.9; P = .003) ( Table 1) . Therefore, intratumoral CXCL10 expression may harbor prognostic value in PC.
A subset of cells, within in the PC microenvironment, express the CXCL10 receptor, CXCR3
To interrogate the functional consequences of this prognostic association, surgical specimens were probed for the CXCL10 receptor, CXCR3. Here, a subset of malignant epithelial cells and the surrounding stroma consistently demonstrated CXCR3 expression (Fig. 3a) . Upon pathological quantification, >90 % of PC specimens exhibited a subset of epithelial cells expressing CXCR3, which was not observed in normal pancreatic specimens (Fig. 3b) . Further, all specimens from patients with either chronic pancreatitis (CP) or PC exhibited a subpopulation of stromal cells expressing CXCR3 (Fig. 3b) . CXCR3 expression was then examined on PC cell lines, PPCE and TAS in culture. Again, CXCR3 expression was observed in 1-20 % of PC cell lines or PPCE and in up to 80 % of the cells of the TAS (Fig. 3c-e) . Together, these data suggest that both epithelial and stromal components contribute to IFNγ-induced CXCL10-dependent mechanisms of poor outcomes in PC.
CXCL10 induces gemcitabine resistance in PC cells in a CXCR3-dependent manner
Gemcitabine is an antimetabolite commonly used in the systemic treatment of PC, whereby chemoresistance leads to poor clinical outcomes. Previous reports have demonstrated that CXCL10 halts progression of the endothelial cell cycle [27] . As the toxicity induced by antimetabolites is dependent on a rapid mitotic progression that bypasses DNA repair mechanisms [28] , we sought to investigate whether CXCL10 exposure induces antimetabolite chemoresistance. Thus, viability was assessed on gemcitabine-treated PC cell lines in culture with and without CXCL10 treatment. Simultaneous treatment with CXCL10 and gemcitabine imparted a survival advantage to PC cell lines, which was abrogated by both anti-CXCR3 and anti-CXCL10 agents (Fig. 4a) . In order to determine the effect of chronic exposure of PC cells to CXCL10 on gemcitabine resistance, we incorporated a constitutive ) and treated with multiple doses of gemcitabine for 72 h (Fig. 4b) . Here, L3.p6l CXCL10 had similar viability to that of L3.6pl
GemRes , a gemcitabine-resistant clone previously isolated by our group [26] , even at high doses of gemcitabine (Fig. 4c, d ). These data demonstrate one potential mechanism leading to IFNγ-induced CXCL10-dependent poor clinical outcomes in PC. concentration was compared between patients with chronic pancreatitis (CP; n = 5) and PC (n = 28). CXCL10 concentrations within fresh tissue lysates (ng) were normalized to total protein concentration (mg). Data are presented as mean ± SEM *P < .05 using the Mann-Whitney U test. c Serum CXCL10 concentration was compared between healthy controls (n = 8), patients with stage II PC (n = 10) and patients with stage IV PC (n = 12). Data are presented as mean ± SEM. d Patients with PC were dichotomized by median intratumoral CXCL10 concentration into CXCL10
Low and CXCL-10
High groups. Kaplan-Meier survival curves were generated and overall survival compared using the log-rank test. *P < .05
Discussion
It is becoming increasing clear that the tumor microenvironment of many cancers plays a critical role in disease progression, although the totality of mechanisms at play remains elusive. In addition to epithelial cell dysplasia, the microenvironment of PC has an abundant stromal/desmoplastic reaction which is composed of not only fibroblastlike stellate cells which produce a collagenous extracellular matrix, but immune cells, endothelial cells and neural cells [29, 30] . Here, evidence is accumulating to suggest interactions between these stromal elements and the cancer cells themselves. In addition, the close proximity of immune cell infiltration to the fibroblast compartment of the microenvironment implies a certain interaction between these compartments as well [30, 31] . Regardless, all of these interactions may be highly dependent on the tumor stage, the specific tissue context and other components of the microenvironment. Therefore, a detailed understanding of the different components involved is crucial for the effective development of future therapies [31] . Thus, here we evaluated the immunological response of two key cellular components of the PC microenvironment: the PC epithelial cell and the PC-associated fibroblast (TAS).
Like many other immunological mediators involved in cancer biology, IFNγ has been demonstrated to have pleiotropic effects on cancer progression [32, 33] . On the one hand, IFNγ is indispensable for the antitumor effect of both CD4+ and CD8 + T cells [34] . On the other hand, IFNγ is also responsible for the upregulation of checkpoint ligands within the tumor microenvironment, leading to immunological tolerance [35] . Importantly, the source of IFNγ within the tumor is likely multifactorial, as a variety of innate immune cells are capable of secreting IFNγ in response to damage or pathogen-associated molecular patterns. Further, comparable levels of IFNγ secretion as those used here have been demonstrated following lymphocyte activation GemRes ) cells were treated with the indicated dose of gemcitabine for 72 h. Viability was calculated using the MTT assay and normalized to untreated cells. Data are presented as mean ± SEM and compared using the Mann-Whitney U test. *P < .05 compared to either L3.6pl or L3.6pl VC [22] [23] [24] . Regardless of the source of IFNγ, the secretion of high levels of CXCL10 represents a consistent type II interferon response present in both PC cells and TAS, which likely contributes to the high levels of CXCL10 observed in PC specimens compared to nonmalignant controls.
Here, we demonstrate that IFNγ has direct and indirect consequences on the microenvironment of PC. Directly, IFNγ treatment stimulated the upregulation of antigen presentation machinery, but did do so in the context of negative co-stimulation through the induction of PDL1. Most importantly, IFNγ had this direct effect not only on the PC epithelial cell, but also on the fibroblastic component of the stromal environment. Indeed others have demonstrated a role for the fibroblastic component in regulating the immune microenvironment in PC. For instance, fibroblast activation protein-α (FAP) has been shown to govern the immune suppression of CXCL12 by excluding T cells from the microenvironment, whereby the depletion of FAPexpressing cells facilitates CD8 + T cell-mediated tumor killing [36] . Importantly, in this model, the therapeutic efficacy of the T cell checkpoint antagonist PDL1 was also improved [36] . In the current report, IFNγ-induced class II HLA expression on primary TAS was associated with a three-to fivefold increase in PDL1 and negligible expression of the positive co-stimulatory markers, CD80 and CD86. As TAS dominates the microenvironment by mass in PC, it is feasible that infiltrating lymphocytes may frequently contact stromal cells presenting tumor-associated antigens with tolerogenic co-stimulation, and this interaction contributes to the observed histopathologic phenomenon of stromal "trapping," in which infiltrating lymphocytes fail to migrate through dense layers of activated stroma in PC [37] . Together, these data provide strong evidence that the fibroblastic component can not only shape the soluble and solid stromal environment in PC, but may also control and mediate the local immune suppression.
IFNγ exposure to the PC epithelial cells and fibroblast components also led to high levels of CXCL10 expression in the absence of traditional immune cells. Like IFNγ, CXCL10 also has pleiotropic effects on cancer progression. CXCL10 has been most robustly studied in the context of activation and/or recruitment of immune cells including T lymphocytes, NK cells, dendritic cells, macrophages and B cells through its cognate receptor CXCR3. As ligation of CXCR3 on these immune cells leads to the induction of cytokines such as IFNγ, interleukin-2 (IL-2) or tumor necrosis factor-α (TNF-α), which would promote cellular immune responses in the tumors, one would imagine this chemokine to have antitumor effects [38] . But once again, the expression of this immune mediator appears to be a double-edged sword within the microenvironment of PC. Here, we demonstrate that high levels of intratumoral CXCL10 are associated with poor clinical outcomes. These data support recent findings from Lunardi et al. [39] demonstrating an association between intratumoral CXCL10 mRNA expression and poor outcomes in PC. Lunardi et al. further implicate the chemotaxis of CXCR3-expressing regulatory T cells as a result of intratumoral CXCL10 secretion. Importantly, the literature also supports a direct effect of CXCL10 on PC cancer cells, promoting invasion and metastasis [40] [41] [42] [43] . Here, we uncovered a novel direct effect of CXCL10 on PC, whereby chemoresistance is induced.
While chemotherapy is a commonly used strategy in the treatment of PC, the clinical response mediated by anticancer cytotoxic agents is also limited, whereby a large majority of cancers develop chemoresistance [44] . An ever-increasing number of factors contribute to chemoresistance including the inability of the treatment to eliminate the entire population of malignant cells. Whereas the bulk of the tumor mass can be reduced successfully via cytotoxic treatment, a small population of cells can survive and give rise to a new generation of cancer cells that are resistant to chemotherapy [44] . Here, we identified a subset of cells within PC cell lines, the PC lesion and isolated primary pancreatic cancer epithelial cells (PPCE) that expressed the receptor for CXCL10 and CXCR3. In addition, we describe a novel direct effect of CXCL10 on PC epithelial cells, whereby gemcitabine resistance is induced which is CXCR3 dependent. These data support previous work implicating cell cycle-dependent CXCR3 expression in endothelial cells, whereby exposure to CXCL10 induced cell cycle arrest, ultimately reducing the rate of proliferation [27] . While speculative, in this manner CXCL10 stimulation may bypass antimetabolite-dependent toxicity in PC cells, which is reliant on a rapid mitotic progression that precludes DNA repair mechanisms.
Other groups have characterized additional PC cell subsets that are also prone to chemoresistance. For instance, cancer stem cells and cells that have undergone the process of epithelial mesenchymal transition (EMT) have been demonstrated to be resistant to chemotherapeutics [44, 45] . It is unclear as of yet whether the CXCR3+ cell populations described here are one in the same as tumor stem cells and/or those which have under gone EMT, but together these data illustrate that the tumor microenvironment and/ or the state of the targeted cell population play a role in the development of chemoresistance [44] . Further functional and in vivo analyses are necessary to further define the role of IFNγ-induced tolerogenic PC epithelial cell and the PC-associated fibroblast (TAS) in disease progression, as well as the role of IFNγ-induced expression of CXCL10 in chemoresistance. But in its totality, this present work provides data supporting IFNγ-induced tolerogenic phenotypes in the human PC microenvironment, combined with the novel description of IFNγ-induced CXCL10-mediated PC epithelial cell chemoresistance. These data significantly add to the body of the literature of mechanisms within the PC tumor microenvironment associated with poor clinical outcomes. In addition, the association between high intratumoral CXCL10 expression and poor prognosis coupled with the CXCL10-CXCR3-dependent chemoresistance lends credence to intratumoral CXCL10 as a prognostic marker.
